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ABSTRACT
TRACKING SULFUR DIAGENESIS IN METHANE RICH MARINE SEDIMENTS ON THE
CASCADIA MARGIN: COMPARING SULFUR ISOTOPES OF BULK SEDIMENT AND
CHROMIUM REDUCIBLE SULFUR
by
Sarah Turner
University of New Hampshire, May, 2018
Methane gas is produced in anoxic marine sediments by methanogenic bacteria and can
be ephemerally stored in gas hydrate deposits, escape to the seafloor at methane seeps, and/or be
consumed at depth by the anaerobic oxidation of methane (AOM). One way to examine changes
in methane flux in cold seep environments through time is to identify past positions of the sulfate
methane transition zone (SMTZ) where AOM results in sulfate and methane consumption and
bicarbonate and hydrogen sulfide production, often resulting in the precipitation of authigenic
carbonates and iron sulfides. One method to identify paleo-positons of the SMTZ is through the
sulfur isotopic composition of sulfides produced by AOM, which are typically enriched in 34S
relative to sediments not influenced by AOM. Traditionally, a chemical extraction technique
called chromium reduction has been used to extract reduced forms of sulfur, mainly pyrite and
other iron sulfides, from the sediment. This separates only reduced sulfur from sediments leaving
behind sulfur bound to organic matter and from oxidized sulfur species such as barite. In this
study, bulk sediment δ34S values are compared to measured δ34S from chromium reducible sulfur
(CRS) to assess the utility of using bulk sediment δ34S measured alone to investigate paleodiagenetic conditions in methane rich marine sediments. The upper ~25 meters of sediment at
three ODP core sites (1252A, 1247B, and 1244C) from Hydrate Ridge on the central Cascadia

IX

margin are examined. In addition to bulk sediment and CRS δ34S, total sulfur and total organic
carbon were also measured. The results reveal the bulk sediment is generally more enriched in
34

S, compared to the CRS, except for a few samples at Site 1247B and some larger intervals at

Site 1244C. At Site 1247B the greatest weight percent of total sulfur occurred at the modern
SMTZ, and at Sites 1252A and 1244C the highest weight percent of sulfur occurred above the
modern SMTZ, coincident with the most enriched (heaviest) bulk sediment sulfur isotope values
at these two sites. Peaks in the δ34S value of the bulk sediment and total sulfur weight percent
could be due to the presence of barite, making the bulk sediment in these locations more
enriched in 34S than the CRS. In the majority of the sedimentary records examined here, the
intervals where the chromium reducible sulfur has a heavier δ34S composition than the bulk
sediment could indicate that the sediment has experienced intense AOM, leaving the iron
sulfides to form from the heaviest hydrogen sulfide. This would make the δ34S value of the bulk
sediment lighter than that of the highly enriched iron sulfides. There is a positive, linear
relationship between the δ34S values of the CRS and the bulk sediment, which shows that the
δ34S value of the bulk sediment is strongly influenced by the sulfur isotope composition of the
CRS portion of the sediment. While the bulk sediment did not have the same δ34S values as the
CRS it often showed the same trends and may be helpful in assessing the extent of AOM in
methane rich marine sediments. Further comparisons of the sulfur isotope composition of
sedimentary iron sulfides and bulk sediment, as well as other sulfur containing species, at other
locations could indicate if the relationship observed at Hydrate Ridge exists in other methane
rich seafloor environments.

X

Chapter 1: Introduction
1.1 Background
Methane gas is released at cold seeps along continental margins throughout the global
oceans. However, the flux of methane from the ocean is a poorly constrained component of the
global carbon cycle (IPCC, 2013). Its potential feedbacks in global climate change are still being
investigated as our understanding of the links between changing climate conditions and marine
methane flux are developing. Investigating the geochemical affects that methane has on marine
sediments will help us develop a better understanding of the geologic evidence that may record
the impact of methane on the ocean and climate systems.
Marine methane is produced by microbial and thermal decomposition of sedimentary
organic carbon (Claypool and Kaplan, 1974) as well as by abiotic processes in the crust (Etiope
and Sherwood Lollar, 2013). Once formed, it can reside ephemerally in shallow gas hydrate
reservoirs or leave the seafloor at methane seeps (Kvenvolden, 1995). All methane that reaches
the shallow sub-seafloor is exposed to the sulfate reduction zone, where methane can be
anaerobically oxidized in a process known as anaerobic oxidation of methane (AOM) (Boetius et
al., 2000). At non-seep diffusion-dominated settings AOM can consume almost all methane
produced at depth before any gas reaches the seafloor (Reeburgh, 2007). In seep environments
AOM efficiency is a function of methane flux and it is estimated that in low flux environments
AOM can consume up to 80% of sub-seafloor methane (Boetius and Wenzhoefer, 2013). Storage
of methane in gas hydrate, an ice-like compound of solid water and methane found at depth in
seafloor sediments on many continental margins, isolates methane from anaerobic methane
oxidation until changes in temperature and pressure destabilize the gas hydrate, releasing
1

methane upward toward the seafloor. Globally, gas hydrates store a potentially immense amount
of methane and a destabilization of large quantities of gas hydrate has been hypothesized as a
mechanism to explain sudden hyperthermal events in the geologic past, namely the PaleoceneEocene Thermal Maximum (Dickens et al., 1995). Many studies use measurements of water
column concentrations of dissolved methane and acoustic mapping of bubble plumes to constrain
the modern flux of seafloor methane to the ocean and assess whether this methane ever reaches
the atmosphere (e.g. Solomon et al., 2009; Westbrook et al., 2009). The current consensus is that
most of the methane that is released into the water column is dissolved and aerobically oxidized
to CO2 before it can reach the atmosphere (Ruppel and Kessler, 2017). Methane is only
potentially emitted at the sea surface in shallow water environments where ascent rates are fast
(e.g. Solomon et al., 2009). Modulation of the marine carbon cycle through seafloor methane
addition and subsequent oxidation to CO2 has important implication for ocean acidification and
remains an active research direction (Biastoch et al., 2011; Hönisch et al., 2012).
Reconstructing changes in sea-floor methane flux through geologic time could increase
our understanding of the long-term driving mechanisms, such as glacial-interglacial induced
changes in seafloor pressure and bottom water temperature, that may alter oceanic methane flux
on a global scale. In order to examine the geologic past in these environments we need to
develop reliable proxies that can reconstruct past conditions at and near methane seep
environments. Several geochemical proxies have been utilized to track the paleo-position of the
zone of AOM, known as the SMTZ (sulfate methane transition zone). These include drawdowns
in magnetic susceptibility (Riedinger et al., 2005), occurrence of AOM derived carbonate
deposits (Ritger et al., 1987), and sulfur isotopic enrichments in marine sediments (Borowski et
al., 2013).
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Analyzing the sulfur isotopic composition of sediments has traditionally involved a labor
intensive chemical treatment to extract reduced forms of sulfur, mostly pyrite, from marine
sediments (Canfield et al., 1986). Here, I assess the utility of using bulk sediment sulfur isotopes
as a method to investigate paleo-diagenetic conditions in methane rich marine environments. I
have compared the sulfur isotopic signature (δ34S) of bulk marine sediments from ODP Leg 204
drill sites to the sulfur isotopic composition of chromium reducible sulfur in the same samples to
assess the processes affecting the isotopic signature of bulk marine sedimentary sulfur and test its
use in investigating past processes in methane rich marine sediments.

1.2 Methane Production
While some methane is released into the ocean where it is aerobically oxidized, most
never escapes the seafloor due to the metabolic activity of a consortium of archaea and sulfatereducing bacteria (Boetius et al., 2000). There is an established sequence of oxidation-reduction
reactions in anoxic marine sediments mediated by different microbial communities (Froelich et
al., 1979). When oxygen is present microbes undergo aerobic respiration because this reaction
provides the most Gibbs free energy. However, oxygen in porewater is typically used up in the
top few millimeters to centimeters of sediment. At sequentially deeper sediment depths microbes
then turn to nitrate (NO3-), Mn and Fe oxides (MnO2 and Fe2O3 or FeOOH) and finally sulfate
(SO42-) as electron acceptors to continue to break down organic carbon (Froelich et al., 1979).
Once the available sulfate pool is near exhaustion microbes turn to carbon dioxide as their
terminal electron acceptor, leading to methane generation at deeper depth (Froelich et al., 1979).
Methane is produced by microbes (methanogens) in both marine and freshwater
sediments including wetlands, lakes, estuaries, and shelf and deep-sea environments. Methane
3

concentrations can reach saturation within just a few centimeters in freshwater sediments as
oxygen is quickly exhausted (Reeburgh and Heggie, 1977). This can lead to the release of
methane into the sediment and/or water column either in the dissolved phase or in the form of
methane gas bubbles (Strayer and Tiedje, 1978). Methane is also produced in brackish and
marine sediments, but significant methane concentrations are only found once the concentration
of sulfate falls below 1 mM (Martens and Berner, 1977; Whiticar et al., 1986). High
sedimentation rates lead to the burial of organic material and with ample substrate, bacteria can
deplete sulfate within the first few centimeters of sediment (Barnes and Goldberg, 1976). The
accumulation and migration of free gas at depth can lead to acoustic wipeouts in seismic data and
in shallower settings this free gas can escape the sediment in the form of bubbles (Wilkens and
Richardson, 1998). However, in deeper water environments, high hydrostatic pressure generally
prevents ebullition and methane is often found in the dissolved phase or stored as gas hydrate
when the water depth exceeds ~300 meters and bottom waters approach 0°C. The concentration
of methane and availability of interstitial water are other key factors that control gas hydrate
formation (Kvenvolden, 1993).
Methane can also be generated by thermogenic and abiotic processes. Organic carbon is
thermally decomposed into methane and higher chain hydrocarbons (e.g. ethane, propane, etc.).
Thermogenic hydrocarbon generation is controlled by time, temperature, and organic matter
composition (Seewald, 2003). Methane and other hydrocarbon gases can be cogenerated with oil
in sediments experiencing temperatures between about 60°-70° C to about 150°-160° C.
Hydrocarbon gases can also form from the breakdown or cracking of oil and kerogen above
150°-160° C (Quigley and Mackenzie, 1988; Stolper et al., 2014) Thermogenic gas can advect
up though marine sediments along faults and fractures and mix with shallow biogenic gas to
4

supply gas hydrate systems. Abiotic methane is produced through chemical reactions that do not
involve organic matter. There are two main categories: high temperature magmatic processes and
low temperature gas-water-rock interactions (Etiope and Sherwood Lollar, 2013). Abiotic
methane is formed in a variety of geologic settings including volcanic and geothermal areas,
hydrothermal vents, and ultramafic rocks at the seafloor and on land. An important source of
abiotic methane in the ocean is from the serpentinization of ultramafic rocks near ultra-slow
spreading ridges where peridotites of the upper mantle can interact with seawater (Proskurowski
et al., 2008).

1.3 Sulfur, Methane, and AOM
In methane rich sub-seafloor settings when methane travels upward from depth and meets
sulfate diffusing downward from the seafloor, the anaerobic oxidation of methane (AOM) can
occur. This reaction is mediated by a consortium of sulfate-reducing bacteria and methaneoxidizing Archaea (Boetius et al., 2000). The sulfate-methane transition zone (SMTZ) is an
interface in anoxic marine sediments where these microbes consume available dissolved sulfate
and methane in pore waters via AOM (eq. 1) and organic sulfate reduction (OSR eq. 2)
(Borowski et al., 1996).
Eq. 1: AOM: CH4 + SO42- à HS- + HCO3- + H2O
Eq. 2: OSR: 2CH2O +SO42- à H2S +2HCO3Modern SMTZs are identified as the depth in the sediment where the concentrations of dissolved
sulfate and methane in porewater are both at their minimum. There is a dynamic relationship
between the magnitude of upward methane flux and the position of the SMTZ; high methane
fluxes lead to shallow SMTZs close to the seafloor (Borowski et al., 1996). The greater supply of
5

methane at depth increases AOM, which draws down the concentration of dissolved sulfate
much faster, which shallows the SMTZ. Sedimentation rate also controls the depth of the SMTZ
and the shape of pore water sulfate profiles. Fast sedimentation rates bury more sulfate, as
porewater is trapped between settling sediment grains. This provides more reactant for sulfate
reducers deeper in the sediment column (Hensen et al., 2003; Hong et al., 2014). Under steady
state conditions of constant sedimentation rate, OSR and AOM at depth pull pore water sulfate
concentration down often leading to a linear porewater sulfate profiles. However, sedimentation
is more often not in a steady state on active continental margins or near submarine fans and
canyons. Rather, periodic mass transport deposits in the form of turbidity currents, slumps, and
slides deliver large amounts of sediment very quickly. These mass transport deposits can create
kinked and S-shaped sulfate profiles which are smoothed out by diffusion over time (Hensen et
al., 2003; Hong et al., 2014).
The metabolic byproducts of AOM and OSR are hydrogen sulfide and bicarbonate (eq. 1
and 2). Within the SMTZ, paramagnetic pyrite precipitates due to the reaction of hydrogen
sulfide with ferrimagnetic iron oxides, which decreases the magnetic susceptibility of sediments
in the SMTZ (Riedinger et al., 2005). Authigenic carbonate is also precipitated at the SMTZ due
to the bicarbonate produced by OSR and AOM (Raiswell, 1988). The two main methods used to
identify paleo-SMTZ positions are to measure shifts in sulfur isotopic composition and
drawdowns in the magnetic susceptibility of sediments (Borowski et al., 2013; Riedinger et al.,
2005). Sulfur has four stable isotopes, the most abundant of which is 32S (94.99%) followed by
34

S (4.25%), then 33S (0.75%) and 36S (0.01%) (De Laeter et al., 2000). As bacteria continue to

utilize sulfate in organic sulfate reduction they preferentially use the lighter 32S isotope due to
kinetic isotope affects. This leaves the dissolved sulfate pool isotopically heavier and this heavy
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sulfate continues to diffuse through the sediment column (Kaplan and Rittenberg, 1964;
Goldhaber and Kaplan, 1980). Near the SMTZ the added activity of AOM creates an even
heavier sulfate pool as more 32S is utilized. This leaves only the heaviest sulfate for microbes at
the SMTZ, where sulfate concentration nears zero. This heavy isotopic signature is translated to
the dissolved sulfide pool, which is lighter compared to dissolved sulfate but still shows the same
increasing enrichment in heavy sulfur down-core until the SMTZ is reached (Borowski et al.,
2013). This dissolved hydrogen sulfide at the SMTZ combines with dissolved iron in porewater
to precipitate iron sulfide minerals, recording the relative enrichment of 34S produced in the
SMTZ (Berner, 1964; Borowski et al., 2013). The precipitation of pyrite from aqueous iron and
hydrogen sulfide has almost no fractionation affect, a change of less than 1‰ (Price and Shieh,
1979). These zones of isotopically heavy pyrite sulfur have been used to identify paleo-positions
of the SMTZ in sediments, which may record changes in methane flux through time (Borowski
et al., 2013).

1.4 Forms of Sedimentary Sulfur
Sulfur can exist in either reduced or oxidized forms. In marine sediments reduced sulfur
is preserved as iron sulfide minerals, mainly pyrite (FeS2) but also mackinwite (FeS) and greigite
(Fe3S4) (Rickard and Morse, 2005). Organic-bound sulfur and sulfate minerals such as barite and
gypsum preserve sulfur in an oxidized state. These pools of sulfur can have very different
isotopic signatures and mix together to form the bulk sulfur isotope signal of marine sediments.
Marine barites form through several processes and fall in into 3 main categories: biotic barite,
hydrothermal barite, and diagenetic barite (Paytan et al., 2002). Biotic barite can precipitate in
microenvironments rich in barium that are created by decaying organic matter or through direct
7

precipitation by certain marine organisms (Bishop, 1988; Bertram and Cowen, 1997).
Hydrothermal barite deposits form near seafloor hydrothermal vents where hydrothermal fluids
enriched in barium meet seawater sulfate. Alternatively, diagenetic barite can form in anoxic
sediments above the zone of sulfate reduction. Barite dissolves in the sulfate depleted zone and
this generates Ba2+ which then diffuses upward, due to a concentration gradient, and reprecipitates barite when it meets with sulfate. This can lead to the development of barite fronts in
methane rich marine sediments just above the modern SMTZ (Dickens, 2001; Torres et al.,
1996). This type of barite is enriched in heavy 34S because the bacteria carrying out organic
sulfate reduction preferentially take up sulfate with the lighter 32S isotope due to kinetic isotope
affects. This leaves the dissolved sulfate pool enriched in heavy sulfur which can form barites
more enriched in 34S (Torres et al., 1996).
Another source of sulfur in marine sediments is organic matter. There are two main
components of sulfur in sedimentary organic matter. One is sulfur within the organic material,
which is taken up by organisms through assimilatory sulfate reduction to incorporate sulfur into
organic molecules such as the amino acids, cysteine and methionine (Le Faou et al., 1990). This
‘original’ biogenic sulfur can make up as much as 10-25% of sedimentary organic sulfur.
Assimilatory sulfate reduction involves very little isotope fractionation, which leads to the sulfur
isotopic signature of ‘original’ marine organic matter to be very similar to that of modern
seawater sulfate (~+21‰) (Anderson and Pratt, 1995; Werne et al., 2008; Paytan et al., 1998;
Rees et al., 1978). The other component of sedimentary organic sulfur is the diagenetic
incorporation of sulfur into organic matter. This sulfur is derived from porewater sulfide
produced by bacterial organic sulfate reduction, involving reaction intermediates such as
elemental sulfur, polysulfides, and thiosulfate contributing to the sulfurization processes (Werne
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et al., 2008; Le Faou et al., 1990). Overall, sedimentary organic matter is typically enriched in
34

S relative to co-existing pyrite (Anderson and Pratt, 1995).
Previous analysis of sediment sulfur isotopes has been done using a labor-intensive

chemical treatment called chromium reduction to separate the reduced sedimentary sulfur from
other forms of sulfur in the sediment. This method only removes reduced forms of sulfur, mainly
pyrite, acid volatile sulfur, and elemental sulfur whereas organic-bound sulfur and sulfate
minerals are left behind. In methane-rich marine sediments much of the H2S produced comes
from AOM. OSR takes place, but can be limited by low availability of organic carbon substrate.
That is why an increase in the amount of sedimentary pyrite is often associated with the SMTZ,
where the addition of methane and AOM creates an increase in H2S production and the
preservation of that hydrogen sulfide as pyrite. This relationship, and the difficulty of the
chromium reduction process, are the driving factors behind this investigation. We sought to
determine if the isotopic signal of the bulk sedimentary sulfur could be used as an estimate of the
sulfur isotope signature of the reduced sulfur (mainly pyrite) fraction. This would eliminate the
need to go through the labor-intensive chromium reduction process, which requires the use of
hazardous chemicals.
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Chapter 2: Geologic Setting

Hydrate Ridge is located within the Cascadia accretionary wedge offshore Oregon, where
the Juan de Fuca plate is obliquely subducting beneath the North American plate off of the
Pacific Northwest of the United States and Canada. The accretionary wedge is composed of
folded and faulted abyssal plain turbidites and hemipelagic sediments that are both accreted and
underplated to form the accretionary complex (Shipboard Scientific Party, 2003b), which is ~60
km wide off of southern Oregon and widens to ~150 km wide near the northern Cascadia margin
where the Astoria and Nininat submarine fans occur. The accretionary prism has two main
structural zones containing mainly landward-vergent thrusts on the Washington and northern
Oregon margins and seaward-vergent thrusts on the central and southern Oregon margins
(MacKay, 1995). In the northern landward-vergent province a deep decollement leads to the
accretion of almost all of the sediment while a shallower decollement to the south allows about
one third of the sediment to be subducted or underplated (MacKay, 1995). Oblique subduction
has created a right lateral shear couple with 9 WNW-striking left-lateral strike-slip faults that cut
across the lower slope of the wedge (Goldfinger et al., 1992; Johnson et al., 2006). Underlying
the continental shelf is the basement Eocene oceanic basalt Siletz Terrane, which forms a
backstop for the accretionary prism that has been advancing westward since the late Pliocene to
early Pleistocene (Johnson et al., 2006).
Hydrate Ridge is located on the lower slope of the Cascadia convergent margin about 50
nautical miles offshore central Oregon (Figure 1A). Hydrate Ridge is a composite fold-thrust
ridge formed from both landward-vergent and seaward-vergent faults, and is bordered on the east
10

and west by slope basins and to the north and south by the Daisy Bank and Alvin Canyon leftlateral strike slip faults (Johnson et al., 2003; Johnson et al., 2006). Slip along these faults
coupled with oblique subduction along the margin has led to a clockwise rotation of Hydrate
Ridge. Northern Hydrate Ridge has seaward-vergent structures and older more uplifted
sediments compared to Southern Hydrate Ridge (SHR) and is found at ~600 meters water depth.
There are more extensive seafloor authigenic carbonate deposits on NHR (Johnson et al., 2003)
compared to SHR, which has a mainly landward-vergent structural style and sits at about 800
meters water depth (Figure 1B; Johnson et al., 2006). This site was extensively cored in 2002
during Ocean Drilling Program Leg 204 and is an area of documented methane seeps (Suess et
al., 1999) and is an extensive gas hydrate-bearing terrane (Shipboard Scientific Party, 2003b).
Seafloor manifestations of methane seepage at SHR include seafloor bacterial mats, massive
hydrate deposits, and bubble plumes found close to the summit (Torres et al., 2002). The
Pleistocene to Holocene slope basin sediments are on average 29% smectite, 31% illite, and 40%
chlorite while the older late Pliocene to early Pleistocene underlying strata contain more smectite
and slightly less illite and chlorite (Underwood and Torres, 2006).
In this study the upper 20-25 meters of sediment from three sites (1244, 1247, and 1252)
drilled and cored during ODP Leg 204 are analyzed. Brief descriptions of each site are
summarized below and in Table 1.

11

Site

Water Depth
(m)

1252A

1040

1247B

835

1244C

895

Setting
flank of
secondary
anticline
Southern
Hydrate Ridge
west flank
Southern
Hydrate Ridge
east flank

Depth to
SMTZ (mbsf)

11

Sediment Age
mid
Pleistocene to
Holocene
mid
Pleistocene to
Holocene

8.5

mid to late
Pleistocene

5

BSR Depth
(mbsf)
170
121-124
125

Table 1: The water depth at each drill site, setting, depth to the SMTZ and BSR for each site are
listed. The sediment age shown is for the sediment samples used in this study, from the top 20-25
meters of each site. (Shipboard Scientific Party, 2003c; Shipboard Scientific Party, 2003d;
Shipboard Scientific Party, 2003e)
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C

Figure 1: A) Map showing the location of Hydrate Ridge and its regional tectonic setting. B)
Bathymetric map of Hydrate Ridge with Southern Hydrate Ridge highlighted by the black box.
C) Detailed bathymetric map of southern Hydrate Ridge showing the locations of Leg 204
drilling sites (Shipboard Scientific Party 2003b; Chevallier et al. 2006; Tomaru et al. 2006)

2.1 Site 1244
Site 1244 is located in about 895 meters of water on the eastern flank of Southern
Hydrate Ridge about 3 km northeast of the summit (Figure 1C; Shipboard Scientific Party,
13

2003b). Sediments recovered from Site 1244 represent an uplifted and deformed slope basin
sequence with a BSR (bottom simulating reflector), marking the base of the gas hydrate stability
zone at 125 mbsf. Five holes were cored at Site 1244 (B, C, D, E, and F). The sediments used in
this study are from the upper 25 meters of 1244C, which was drilled from the seafloor to 334
mbsf. These sediments are within lithostratigraphic Unit 1, found between 0-69 mbsf with an age
between the mid to late Pleistocene. The sediments are mainly dark greenish gray clay with thin
layers of silty clay and fine silt. The biogenic content ranged from 5-40% and included diatoms,
silicoflagelates, radiolarians, sponge spicules, shell fragments, and organic debris. Smear slide
analyses showed that the major lithology was 5% quartz, 10% feldspar, and 70% clay minerals
(Shipboard Scientific Party, 2003c). The upper 20 mbsf had light colored patches due to fine
grained authigenic carbonate (aragonite) needles. Throughout the core variations in the amount
of sulfide caused color changes from lighter to darker gray clay. Cracks and voids seen in the
core were most likely due to gas expansion during sediment recovery (Shipboard Scientific
Party, 2003c). Gas hydrate was recovered at this site, but only at depths greater than 50 mbsf
(Shipboard Scientific Party, 2003c).

2.2 Site 1247
Site 1247 is located in 835 meters water depth on the western side of Hydrate Ridge
about 800 meters northwest of the southern summit (Figure 1C; Shipboard Scientific Party,
2003c). The BSR is found at a depth of 121-124 mbsf. Two holes were drilled at Site 1247, hole
A was drilled for logging while drilling (LWD) data whereas hole B was cored to a depth of 220
mbsf. Lithostratigraphic unit I, found between 0 and 27 mbsf, encompasses the samples used in
this study from Site 1247B. Lithostratigraphic unit I is composed of a dark greenish gray
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hemipelagic and silty diatom-bearing clay. This section is dated from the middle Pleistocene to
Holocene and correlates well with the upper section of Site 1245. The biogenic component
comprises less than 10%, but diatoms are found throughout the section. There are areas with
authigenic carbonate deposits mainly in the form of light colored cements. Sulfide mineralization
and bioturbation increased toward the base of unit 1. The clay fraction comprises 70-80% of the
lithology with the silt fraction making up the remaining 20-30%. The major minerals identified
through smear slide analyses include quartz, feldspar, and opaque clay minerals. Areas with
increased sulfide mineralization show opaque grains with both irregular and framboidal forms.
The base of lithostratigraphic unit I is defined by an increase in the course grain size fraction
found at 27 mbsf (Shipboard Scientific Party, 2003d).

2.3 Site 1252
Site 1252 is located in about 1,040 meters of water, 4.5 km northeast of the southern
summit of Hydrate Ridge on the flank of a secondary anticline (Figure 1C; Shipboard Scientific
Party, 2003e). There is a high-amplitude BSR at about 170 mbsf but the BSR then disappears
and does not extend beneath Site 1252. Only one hole (A) was drilled and cored to 259.8 mbsf
with very good recovery. There are 3 lithostratigraphic units within unit I extending from 0-96.4
mbsf, with an age of mid-Pleistocene to Holocene. Lithostratigraphic unit I has 3 subunits and
the samples used in this study are from the upper 20.5 meters of unit I, which are found in the
upper 2 subunits of this section. Subunit IA extends from 0-7mbsf and is composed of a diatom
and nannofossil-rich silty clay that is interbedded with fine to very fine thin sand layers. The
major lithology is composed of 70% clay, 25% silt and <1% sand with no sulfides observed in
this section. Bioturbation is common and 10 distinctive thin light greenish gray clay layers are
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found at about 2 mbsf (Shipboard Scientific Party, 2003e). Similar layers are found at site 1251
and are thought to represent the Holocene to upper Pleistocene transition. Subunit IB-IC extends
from 7-69.5 mbsf and is composed of a homogenous diatom-bearing to diatom-rich silty clay.
Iron sulfide deposits, found as dark colored precipitates, nodules, and mottles, are found
throughout this subunit and bioturbation is also common. The major lithology is 69% clay, 30%
silt and 1% sand with the predominant minerals identified as feldspar, quartz, clay, and opaque
minerals by smear slide analysis. The biogenic component averages 12% in this subunit and is
mainly biogenic opal, although the upper part of the subunit does have an abundant calcareous
component. The base of this subunit is distinguished by the onset of a debris flow at 69.5 mbsf
(Shipboard Scientific Party, 2003e).
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Chapter 3: Methods

In this study, we measured total organic carbon (TOC), total elemental sulfur (TS), and
sulfur isotopes of bulk sediment and chromium-reducible sulfur on sediment samples collected
during ODP Leg 204. These new data are integrated with existing porewater measurements of
methane, sulfate, and total hydrogen sulfide, as well as some existing chromium-reducible sulfur
isotope data. The sample preparation and analytical procedures for both the measured and
existing data sets are described below.
During ODP Leg 204 whole round sections of cores were squeezed using a laboratory
hydraulic press to extract porewaters. The compressed ‘cake’ of sediment left after porewater
extraction were stored in sealed plastic bags for storage. The samples used in this study are
subsamples of these ‘squeeze cakes’ which combine 10-15 cm of sediment from the original
core. Samples were dried and then powdered using an agate mortar and pestle before use in the
chromium reduction procedure. Subsamples of the same powdered bulk sediment were used for
TS and sulfur isotope measurements made in 2017 for most intervals. A few samples had very
little powdered sediment left from the original subsample used in the 2004-2005 chromium
reduction procedure and therefore a new subsample from the same ‘squeeze cake’ had to be
ground for bulk sediment measurements.

3.1 TOC
Ten milligram samples of dried and powdered bulk sediment were weighed into silver
foil capsules. In order to remove any calcium carbonate the samples were treated in accordance
with Phillips et al. (2011) using 780 µL of 6% sulfurous acid in 17 steps and were dried at 60°C
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between each addition. The silver foil capsules were then folded and wrapped in tin foil capsules
and run at the UNH Water Analysis Laboratory on a Perkin Elmer 2400 Series II CHNS
elemental analyzer. Blanks and K-factors were used to prevent instrument drift, and sample
duplicates and OAS soil standards B2180 and B2182 were used to assess precision and accuracy
(see Appendix 5).

3.2 TS and Sulfur Isotopes
Total reduced sulfur was extracted from sediment samples by Walter S. Borowski in
2004-2005 according to the chromium reduction method detailed in Canfield et al. (1986). This
method extracts all reduced sulfur species mainly pyrite, elemental sulfur, and acid volatile
monosulfides, which are decomposed to gaseous H2S that is captured as a ZnS or Ag2S
precipitate. Sediment samples are boiled in an acidic CrCl2 solution for 1-2 hours within reaction
flasks that are flushed with N2 to displace air in order to prevent oxidation (Canfield et al., 1986).
Before it is used to treat sediment samples the CrCl2 solution must be drawn through an
amalgamated zinc column that has been treated with a mercuric nitrate solution. The H2S gas is
collected in a separate trapping vessel where a solution of either zinc acetate or silver nitrate is
used to precipitate the sulfur as a zinc or silver sulfide. Titration can then be performed to
determine the amount of sulfur precipitated or the precipitate can be collected by filtration and
measured gravimetrically and used for sulfur isotope analysis (Canfield et al., 1986; Borowski et
al., 2013).
In 2017, chromium reducible sulfur (CRS) and bulk sediment from Leg 204 were
analyzed for sulfur isotopic composition and total sulfur weight percent at the Center for Stable
Isotope Biogeochemistry at the University of California at Berkeley by an SO2 combustion
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method. Samples were weighed into tin capsules at Berkeley and run on an elemental analyzer
and isotope ratio mass spectrometer (EA-IRMS). All types of sulfur in the bulk sediment, both
reduced and oxidized forms, were combusted to SO2 which is then measured on the EA-IRMS
for both total sulfur weight percent and sulfur isotopic composition. The CRS samples were
measured using the same method, but pre-treatment by the chromium reduction process ensures
that all the sulfur in the sample comes only from reduced sulfur species. The sulfur isotopic
values for the CRS from Site 1244C were compared to measurements made in 2004-2005 by
Walter Borowski to test if the sulfides had been affected by long-term storage.

3.3 Porewater Species
Sediments from Hydrate Ridge were collected by coring operations during ODP Leg 204
and porewater samples were extracted using standard ODP squeezing techniques (Shipboard
Scientific Party, 2003a). At sea, sulfate concentration was measured by ion chromatography and
methane concentrations were measured by the headspace method with the resulting
concentrations expressed as millimolar methane concentrations in the sediment (Shipboard
Scientific Party, 2003a). Total dissolved hydrogen sulfide (SHS=H2S+HS-+S2-) was measured by
using cadmium acetate to capture SHS as a stable cadmium sulfide precipitate which was
gravimetrically measured post cruise (Borowski, 2006). The sulfur isotopic composition of
dissolved hydrogen sulfide was measured by preserving up to 3ml of pore fluid in flame sealed
ampules containing 1M cadmium acetate and saturated HgCl. Onshore the CdS precipitate was
converted to Ag2S and used for sulfur isotope analysis (Borowski, 2006). Porewater sulfur
isotopic measurements were made at Indiana University using a Finnigan 252 isotope ratio mass
spectrometer (Borowski, 2006). Total uncertainty of the procedure, including the extraction
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process, was about 0.2‰. Values were calculated relative to the Vienna Canyon Diablo Troilite
(VCDT) sulfur isotope standard (Borowski, 2006). Sulfur isotopic composition of dissolved
sulfate was measured by treating preserved porewater samples with 1M BaCl2 solution, which
precipitated dissolved sulfate as BaSO4 which could be analyzed for sulfur isotopic composition.
Total uncertainty was about 0.1‰ (Borowski, 2006).
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Chapter 4: Results

In this study, we examined the uppermost 20-25 meters of sediment at three sites (ODP
Leg 204 Sites 1252A, 1247B, and 1244C) drilled and cored at Hydrate Ridge in 2002. The data
are presented in downcore plots and separated into panels of porewater data and solid phase
sediment measurements by site. The sulfur isotopic composition of the CRS from Site 1244C
measured in 2004-2005 and in 2017 are compared in Figure 2.

4.1 Comparison of CRS isotopes measured in 2004-2005 and 2017
Measurements of CRS from 2004-2005 made by Walter S. Borowski and our
measurements from 2017 matched very well except for one point at 2.9 mbsf (Figure 2). The
δ34S value that we measured for the point at 2.9 mbsf fit with the overall gradually increasing
trend seen in the upper ~7mbsf while the value from 2004-2005 is anomalously heavy and seems
to be an outlier.
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Figure 2: 1244C CRS: The δ34S values
(‰VCDT) of Site 1244C CRS analyzed
in 2004-2005 and 2017 are graphed vs.
depth in meters below the seafloor
(mbsf). Errors bars show a 95%
confidence interval for samples with
duplicates (appendices 2 and 3). (20042005 data from Walter S. Borowski
personal communication).

4.2 Site 1252A
Porewater Geochemistry
At Site 1252A the modern SMTZ is between 4 and 6 mbsf (Shipboard Scientific Party,
2003e). Porewater methane concentrations ranged from 0 mM in the top 4 mbsf and gradually
increased to 9 mM at 10.75 mbsf. Below this methane concentrations decreased then reached a
maximum of 11.25 mM at 16 mbsf. The overall trend fits with expected higher methane
concentrations at depth due to the production of methane by methanogenic bacteria and lack of
AOM below the SMTZ. Porewater sulfate is at its maximum concentration of 29.8 mM at 1.35
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mbsf, which is very close to the average seawater sulfate concentration of 28 mM (Paytan et al.,
1998). Sulfate concentration then decreases to a 0.4 mM at 6.25 mbsf and remains near zero
throughout the rest of the core. Sulfate measurements never reach zero due to seawater
contamination in the borehole (Figure 3; Tréhu et al., 2003). Hydrogen sulfide is produced as a
byproduct of both OSR and AOM and the total dissolved hydrogen sulfide (SHS=H2S+HS-+S2-)
concentration is first measured at 0.4 mM at 1.35 mbsf and increases to a maximum of 3.6 mM
at 6.25 mbsf and then decreases again, reaching 0 mM below 13 mbsf. The modern SMTZ is
near 5 mbsf where porewater sulfate and methane concentrations approach zero and porewater
sulfide is near its peak (Shipboard Scientific Party, 2003e). This is due to the activity of the
AOM consortia of microbes that consume methane and sulfate and produce hydrogen sulfide at
the SMTZ. At 2.85 mbsf the sulfur isotopic value of porewater sulfate is +27.21‰ VCDT, which
is slightly heavier than the average seawater δ34S value of +21‰ VCDT (Paytan et al., 1998;
Reese, 1978), and increases to 34.69‰ VCDT at 3.85 mbsf (Figure 3). This fits the expected
trend as microbes utilize the lighter 32S isotope during OSR and AOM, leaving the remaining
dissolved sulfate enriched in 34S (Goldhaber and Kaplan, 1980; Borowski et al., 2013). The
sulfide produced during these reactions has a δ34S value of -8.22‰ VCDT at 1.35 mbsf, much
lighter than the dissolved sulfate, matching the expected trend due to the fractionation of the
sulfate sulfur used in OSR and AOM. Porewater sulfide δ34S increases to a maximum of
+18.93‰ VCDT at 6.25 mbsf. As more and more sulfate with the lighter 32S isotope is used up,
the remaining isotopically heavier sulfate continues to diffuse through the sediment column,
which leads to heavier dissolved hydrogen sulfide. The down core increase in porewater sulfide
isotope values seen at Site 1252A illustrate this process (Figure 3).
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Figure 3: 1252A porewater
geochemistry
Left panel: porewater methane,
sulfate, and total dissolved
hydrogen sulfide concentrations
(mM) are graphed vs. depth in
meters below the seafloor
(mbsf). Right panel: The δ34S
values of porewater sulfate and
sulfide (‰ VCDT) are shown
down core. The SMTZ is found
at ~5 mbsf which was
determined at sea based on
porewater sulfate and methane
concentrations (Shipboard
Scientific Party, 2003e). Data
from Tréhu et al. (2003) and
Borowski (2006).
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Bulk Sediment Geochemistry
The diagenetic changes seen in the porewater geochemistry are preserved over long
timescales in the sedimentary record through the precipitation of diagenetic minerals. The weight
percentage of total sulfur in the sediment, which includes pyrite, other metastable iron sulfides,
organic bound sulfur, and any authigenic barite, ranges from 0.39-0.96 wt% at site 1252A with
the maximum at 2.85 mbsf (Figure 4). The sulfur isotope values of the CRS ranged from
-32.16‰ to 1.92‰ VCDT with the maximum occurring at 2.85 mbsf and the minimum at 9.25
mbsf. The δ34S values of the bulk sediment ranged from -23.12‰ to 2.93‰ VCDT, the
minimum value occurred at 13.75 mbsf and the maximum value was found at the same depth as
the CRS maximum 2.85 mbsf, which is also the depth with the highest weight percentage of total
sulfur (Figure 4). The bulk sediment sulfur isotope values follow the same trend as the CRS, but
are consistently isotopically heavier. The magnetic susceptibility of the sediment is relatively
constant down core and relatively depleted, with the highest values at the very top of the core at
27.86 SIx10-7. Although this is suggestive of magnetic susceptibility loss due to dissolution of
magnetite by AOM produced H2S (e.g. Riedinger et al., 2005), it is difficult to determine this
effect because we do not independently know the original, pre-diagenetic, detrital magnetic
susceptibility signal. The weight percentage of total organic carbon in the sediment at 1252A
ranged from 0.93-1.62 wt%. The minimum occurred at 1.35 mbsf and the amount of TOC
increases down core until 13.75 mbsf and then decreases further down the core (Figure 4).
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Figure 4: 1252A sediment geochemistry: Total sulfur (wt%), δ34S of CRS and bulk sediment
(‰VCDT), magnetic susceptibility (SIx10-7), and total organic carbon (wt%) are shown vs.
depth in meters below the seafloor (mbsf) at Site 1252A. Errors bars show a 95% confidence
interval for samples with duplicates. Precision and accuracy determined through duplicates and
standards are listed in appendices 3, 4 and 5. Magnetic susceptibility data from Tréhu et al.
(2003). The modern SMTZ is found at ~5 mbsf which was defined at sea based on porewater
sulfate and methane concentrations (Shipboard Scientific Party, 2003e).
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4.3 Site 1247B
Porewater Geochemistry
At Site 1247B the modern SMTZ is found at 11 mbsf where dissolved methane and
sulfate concertation approach their minimum and hydrogen sulfide concentration approaches its
maximum (Figure 5; Shipboard Scientific Part, 2003d). Porewater methane concentrations
remain just above zero until 1.8 mbsf where they begin to increase, reaching 10.2 mM at 19.1
mbsf. The maximum porewater sulfate concentration of 29.2 mM occurs at 1.4 mbsf and then
sulfate concentrations decrease to near zero below 13.4 mbsf. The concentration of total
dissolved hydrogen sulfide remains at 0 mM in the top 5 meters of the core and then begins to
increase, reaching a maximum of 6.1 mM at 9 mbsf and then decreasing again to 0 mM at 16
mbsf. At 2.4 mbsf porewater sulfate has a δ34S value of +20.35‰ VCDT, very close to the δ34S
value for average seawater sulfate, +21‰ VCDT (Paytan et al., 1998; Reese, 1978). The sulfur
isotope composition of the dissolved sulfate gets progressively heavier down core until it reaches
a maximum of +51.38‰ VCDT at 9.5 mbsf. The sulfur isotopic signature of the total dissolved
hydrogen sulfide is consistently isotopically lighter than the δ34S of the porewater sulfate. At 6.5
mbsf the dissolved hydrogen sulfide has a δ34S value of -4.42‰ VCDT and increases to
+18.64‰ VCDT at 11 mbsf and maintains a very similar value down to 14.5 mbsf (Figure 5).
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Figure 5: 1247B porewater
geochemistry
Left panel: Porewater methane,
sulfate, and total dissolved
hydrogen sulfide concentrations
(mM) are graphed vs. depth in
meters below the seafloor (mbsf).
Right panel: The δ34S values of
porewater sulfate and sulfide (‰
VCDT) are shown down core. The
SMTZ is found at ~11 mbsf which
was defined at sea based on
porewater sulfate and methane
concentrations (Shipboard
Scientific Party, 2003d). Data from
Tréhu et al. (2003) and Borowski
(2006).
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Sediment Geochemistry
At Site 1247B the weight percentage of sulfur in the sediment ranges from 0.36-1.54 wt%
with the maximum occurring at 11 mbsf (Figure 6). The sulfur isotope values of the CRS ranged
from -27.72‰ to +5.86‰ VCDT and the peak occurs between 9.5-11 mbsf. The down core
profile is discontinuous because CRS was not available for all samples. The δ34S values of the
bulk sediment range from -16.76‰ to +16.99‰ VCDT and there are two peaks at 9.5 mbsf and
14.5 mbsf (Figure 6). The magnetic susceptibility of the sediment remains constant throughout
the top of the core with 2-3 sharp spikes in susceptibility at 0.65 mbsf. Magnetic susceptibility at
this site ranges between 15.93 to 40.74 SIx10-7 in the top 19 mbsf. Although variations in
magnetic susceptibility may be driven by magnetic susceptibility loss due to dissolution of
magnetite by AOM produced H2S (e.g. Riedinger et al. 2005), it is difficult to determine this
effect because we do not independently know the original, pre-diagenetic, detrital magnetic
susceptibility signal. Total organic carbon content ranges from 0.93 to 1.61 wt% with one peak at
6.5 mbsf and another smaller peak at 12.5 mbsf (Figure 6).
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Figure 6: 1247B sediment geochemistry: Total sulfur (wt%), δ34S of CRS and bulk sediment
(‰VCDT), magnetic susceptibility (SIx10-7), and total organic carbon (wt%) are shown vs.
depth in meters below the seafloor (mbsf) at Site 1247B. Errors bars show a 95% confidence
interval for samples with duplicates. Precision and accuracy determined through duplicates and
standards are listed in appendices 3, 4, and 5. Magnetic susceptibility data from Tréhu et al.
2003. The modern SMTZ is found at ~11 mbsf which was defined at sea based on porewater
sulfate and methane concentrations (Shipboard Scientific Party, 2003d).
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4.4 Site 1244C
Porewater Geochemistry
At Site 1244C the SMTZ occurs at 8.5 mbsf where methane and sulfate concentration
approach their minimum and porewater sulfide concentration is close to its maximum (Figure 7;
Shipboard Scientific Party, 2003c). Porewater methane has a concentration of 0 mM in the top 6
mbsf and then increases to a maximum of 6.5 mM at 16.5 mbsf and then decreases to 2.9 mM at
24 mbsf. Porewater sulfate has a concentration of 29.7 mM at 0.65 mbsf and decrease to 0.9 mM
at 9.15 mbsf and then remains below 1.1 mM (Figure 7). At the top of this core total dissolved
hydrogen sulfide has a concentration of 0 mM and then gradually increases to a maximum
concentration of 4.8 mM at 7.65 mbsf and then decreases again to 0.4 mM at 13.65 mbsf. The
sulfur isotopic value of porewater sulfate ranged from +17.85‰ to +40.44‰ VCDT. At 1.4 mbsf
porewater sulfate had a δ34S value of +19.96‰ VCDT which then increased to a maximum of
+40.44‰ VCDT at 8.4 mbsf.
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Figure 7: 1244C porewater
geochemistry:
Left panel: Porewater methane,
sulfate, and total dissolved
hydrogen sulfide concentrations
(mM) are graphed vs. depth in
meters below the seafloor (mbsf).
Right panel: The δ34S values of
porewater sulfate and sulfide (‰
VCDT) are shown down core. The
SMTZ is found at ~8.5 mbsf which
was defined at sea based on
porewater sulfate and methane
concentrations (Shipboard
Scientific Party, 2003c). Data from
Tréhu et al. (2003) and Borowski
(2006).
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Sediment Geochemistry
The weight percent of total sulfur ranges between 0.21 to 1.32 wt% with the largest peak
at 6.9 mbsf and three smaller peaks at 10.65, 12.9 and 17.9 mbsf (Figure 8). The sulfur isotopic
composition of the CRS has a value of -37.49‰ VCDT at 0.65 mbsf and then increase to a
maximum value of +9.6‰ VCDT at 8.4 mbsf. Three similar peaks of isotopically heavy sulfide
occur at 10.65, 12.15, and 16.4 mbsf very close to the smaller peaks in total sulfur weight
percent. There is also a sharp decrease in the δ34S value of the CRS at 13.65 mbsf (Figure 8). The
δ34S value of the bulk sediment ranges from a minimum of -33.92‰ VCDT at 0.65 mbsf and
increases to a maximum of +7.52‰ VCDT at 6.9 mbsf, overlapping with the greatest peak in
total sulfur weight percent. Two other peaks in the sulfur isotope value of the bulk sediment
occur at 10.65 to 12.9 mbsf and 15.14 to 17.9 mbsf, which coincides with the peaks seen in the
CRS. The sharp decrease in δ34S seen in the CRS is also present in the bulk sediment at 13.65
mbsf (Figure 8). The magnetic susceptibility in the top of Site 1244C was not measured but
susceptibility data was recoded for Site 1244B. In the top 19 meters of Site 1244B, magnetic
susceptibility is extremely depleted with values less than 10 SIx10-7. Between 19 and 23.4 mbsf
magnetic susceptibility sharply increases to values between 47 and 88 SIx10-7 and then decreases
again between 23.4 and 24.9 mbsf (Figure 8). Although variations in magnetic susceptibility may
be driven by magnetic susceptibility loss due to dissolution of magnetite by AOM produced H2S
(e.g. Riedinger et al., 2005), it is difficult to determine this effect because we do not
independently know the original, pre-diagenetic, detrital magnetic susceptibility signal. In
addition, the magnetic susceptibility record shown here is from companion hole 1244B and thus
could have a different diagenetic history than hole 1244C, which was sampled for analysis in this
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study. The total organic carbon content of the sediment ranges between 1.49 to 2.38 wt% with
the largest peak at 2.15 mbsf and two much smaller peaks at 6.15 and 23.9 mbsf (Figure 8).

Figure 8: 1244C sediment geochemistry: Total sulfur (wt%), δ34S of CRS and bulk sediment
(‰VCDT), magnetic susceptibility (SIx10-7), and total organic carbon (wt%) are shown vs.
depth in meters below the seafloor (mbsf) at Site 1244C. Errors bars show a 95% confidence
interval for samples with duplicates. Precision and accuracy determined through duplicates
and standards are listed in appendices 3, 4, and 5. Magnetic susceptibility data from Tréhu et
al. 2003 only existed for companion hole B and thus may not reflect the true magnetic
susceptibility at hole C but is likely a close approximation. The modern SMTZ is found at ~8.5
mbsf which was defined at sea based on porewater sulfate and methane concentrations
(Shipboard Scientific Party, 2003c).
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Chapter 5: Discussion

5. 1 Comparison of Original and New CRS measurements
There was excellent agreement between the δ34S values of the chromium reducible sulfur
for Site 1244C measured in 2004-2005 by Walter S. Borowski and the measurements made in
2017 of the same samples. This shows that the silver sulfide precipitate is quite stable and that
oxidation has not affected these samples while they have been stored in simple screw top vials
for over 12 years. Oxidation of H2S during coring operations and sample handling could affect
sulfur isotopic measurements, particularly for porewater species (Borowski, 2006), but once the
chromium reduction process has been completed it seems that oxidation is of little concern.

5.2 Comparison of CRS and Bulk Sediment Sulfide
There is good agreement in the relative down core variation in δ34S between bulk
sediment and CRS at all three sites, however, there is variation in the patterns of enrichment for
individual samples (Figure 9). At site 1252A the δ34S of the bulk sediment is consistently more
enriched in 34S than the CRS with higher δ34S values (Figure 9). The CRS and bulk sediment
sulfur isotopic values are closest at 2.85 mbsf with δ34S values of 1.92‰ and 2.93‰ VCDT
respectively. Below the modern SMTZ at ~ 5 mbsf the sulfur isotopic values of the bulk
sediment and CRS begin to diverge, although they continue to show very similar trends with a
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Figure 9: The sulfur isotope δ34S values (‰VCDT) of the CRS and bulk sediment at sites
1252A, 1247B, and 1244C are plotted against depth in meters below the seafloor (mbsf). The
bulk sediment is shown by the purple triangles and the CRS is shown by the black circles. CRS
were not available for three intervals, leading to the gaps in the CRS at Sites 1247B and 1244C.
Errors bars show a 95% confidence interval for samples with duplicates. Precision and
accuracy determined through duplicates and standards are listed in appendix 3.
slight increase between 9.25 and 12.25 mbsf, a sharp decrease at 13.75 mbsf, and then another
slight increase at 16 mbsf. Below the modern SMTZ the bulk sediment is between 8.66 and
15.93‰ VCDT heavier than the CRS and many intervals are close to 12‰ VCDT heavier than
the corresponding CRS sample (Figure 9). Organic bound sulfur most likely explains why the
bulk sediment is heavier than the reduced sulfur minerals extracted by the chromium reduction
process. Organic matter contains sulfur in the structure of certain molecules, such as the amino
acids cysteine and methionine (Le Faou et al., 1990), as well as sulfur that has attached onto the
organic matter as it has been exposed to sulfate and sulfide containing porewater. Incorporation
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of sulfur species into organic matter during early diagenesis is called the sulfidization of organic
matter which can lead to organic matter with isotopically heavy sulfur relative to sedimentary
sulfides (Werne et al., 2008). Anderson and Pratt (1995) examined 110 samples of varying
lithology, including clastic sands, clays, and silts, siliceous and calcareous muds, chalk and
mudstones that varied in age from Jurassic to Recent from locations around the world. In their
analyses, they found that the organic bound sulfur ranged in isotopic composition from -23.1‰
to +21.7‰ VCDT. Porewater sulfate has an initial signature close to that of seawater sulfate,
near +21‰ VCDT (Paytan et al., 1998; Reese, 1978) and as OSR and AOM take place the
lighter 32S is taken up by microbes before the heavier 34S isotope, leaving the porewater enriched
in heavy sulfate which can react with organic matter in the sediment (Goldhaber and Kaplan,
1980). It is possible that as the lighter hydrogen sulfide reacts with iron in the sediment and
precipitates iron sulfide minerals only the heaviest dissolved sulfate is left to react with
sedimentary organic matter (Anderson and Pratt, 1995). The sulfur isotope composition of the
bulk sediment is a mixture of the isotopic signature of the iron sulfide minerals and the organic
bound sulfur in the sediment. Therefore, if the organic bound sulfur is significantly heavier than
the iron sulfide minerals it would give the bulk sediment sulfur a heavier signature than the CRS,
as observed at Site 1252A.
At Site 1247B the bulk sediment is generally more enriched in 34S than the CRS, similar
to Site 1252A. There are two intervals, however, where the CRS is heavier than the bulk
sediment. At 5 mbsf the bulk sediment has a δ34S value of -8.81‰ VCDT while the CRS has a
δ34S value of -7.61‰ VCDT and at 11 mbsf the sulfides have at δ34S value of +5.86‰ VCDT
and the bulk sediment has a δ34S of only 0.79‰ VCDT (Figure 9). The modern SMTZ is at 11
mbsf and is the depth with the heaviest iron sulfide minerals at Site 1247B. This fits with
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observations that the SMTZ is the zone with the heaviest hydrogen sulfide production, which is
preserved in sedimentary iron sulfides (Goldhaber and Kaplan, 1980; Borowski et al., 2013). The
largest peak in total sulfur weight percent also occurs at 11 mbsf at the SMTZ (Figure 6). Due to
high hydrogen sulfide production, it is likely that almost all of the sulfur in the bulk sediment
comes from pyrite. In order for the bulk sediment to have a δ34S value lighter than the CRS, any
other sources of sulfur in the sediment must be isotopically lighter that the iron sulfide minerals.
While organic bound sulfur may usually have a δ34S value heavier than the CRS, in the intervals
where the sediment has experienced prolonged AOM and the diagenetic iron sulfide minerals are
very enriched in 34S, then in comparison, the organic bound sulfur could be isotopically lighter,
giving the bulk sediment a lighter δ34S value. Correspondence of this relationship to the modern
SMTZ suggests intervals where the sedimentary iron sulfides are more enriched in 34S than the
bulk sediment could be indicative of zones of focused AOM at paleo-SMTZs. The smaller peak
in δ34S value of the bulk sediment at 14.5 mbsf could indicate a paleo-SMTZ, but unfortunately
CRS was not available for measurement for that interval and therefore this interpretation cannot
be confirmed.
At Site 1244C in the top 6.9 mbsf the bulk sediment is heavier than the CRS by 3.5716.54‰. At 7.15 mbsf the bulk sediment is only about 1‰ heavier than the sulfides and then
between 8.4 and 9.15 mbsf the CRS is heavier than the bulk sediment by ~11‰. At 9.9 mbsf the
bulk sediment is again slightly heavier than the CRS and then the CRS is again heavier than the
bulk between 10.65 and 12.9 mbsf and this pattern is repeated further down the core (Figure 9).
The modern SMTZ is found at 8.5 mbsf which corresponds with the first peak in the CRS, which
have a δ34S value of 9.6‰ VCDT. The peaks in the δ34S value of the CRS between 10.65 and
12.9 mbsf could be paleo SMTZ positions that produce a broader zone of isotopically enriched
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sulfide because the SMTZ may have been slowly migrating through the sediment at this time. At
13.65 mbsf the δ34S value of the bulk sediment and CRS both decrease significantly to -26.14
and -31.3‰ VCDT close to the values seen at the top of the core, suggestive of shallow OSR
(Habicht and Canfield, 1997; Borowski et al., 2013). The CRS becomes heavier than the bulk
sediment again at 16.4 mbsf with a value of +6.25‰ VCDT, CRS was not available for the
interval at 17.9 mbsf, but the CRS is still heavier than the bulk sediment at 19.4 and 22.4 mbsf.
Below this the bulk sediment once again becomes heavier than the CRS returning to very
depleted values of -24.3 and -31.35‰ VCDT, respectively, at 24.5 mbsf (Figure 9). The peak in
the δ34S value of the CRS at 16.4 mbsf is very likely a paleo-SMTZ, however, without the point
below to help define the peak this is uncertain. The peak at 22.4 mbsf could be another paleoSMTZ although this point is not as enriched at the others with a δ34S value of only
-0.49‰ VCDT. The interval with the heaviest δ34S value in the bulk sediment occurs at 6.8 mbsf
which also corresponds with the greatest weight percentage of total sulfur (Figure 8). The peaks
in the CRS at 10.65 and 12.9 mbsf also correspond with increases in total sulfur weight percent,
but these are smaller than the peak at 6.9 mbsf. The presence of barite in the sediment could
explain the peak in the δ34S value of the bulk sediment at 6.9 mbsf, above the modern SMTZ.
Barite (BaSO4) can form in marine sediments when dissolved barium combines with sulfate in
marine porewater. In marine sediments, diagenetic barite fronts can form in marine sediments
above the modern SMTZ (Torres et al., 1996; Dickens, 2001). Below the zone of sulfate
depletion, barite begins to dissolve back into Ba2+ and SO42- and the barium can then diffuse
back up through the sediment column above the SMTZ due to a concentration gradient. This
barium will then combine with sulfate in the porewater and re-precipitate as barite above the
modern SMTZ (Dickens, 2001). The presence of barite in the sediment would not only increase
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the total amount of sulfur in the sediment but it would also make the sulfur isotope composition
of the bulk sediment much heavier because barite is enriched in 34S compared to the isotopically
light sulfur fractionated during OSR and AOM (Torres et al., 1996; Paytan et al., 2002).

5.3 Mix Modelling
A simple two-end member isotope mixing model was used to quantitatively assess
whether the presence of organic sulfur or barite in the sediment is a plausible explanation for the
differences seen between the sulfur isotopic compositions of the bulk sediment sulfur and CRS.
This model provides an estimate of the sulfur isotopic composition of the non-chromium
reducible portion of the total sulfur in the bulk sediment. Since the weight percent of the total
sedimentary sulfur accounted for by CRS is not known, the fraction of CRS in the bulk sediment
can simply be varied between 0 and 1with the proportion of organic sulfur or barite making up
the remainder. This model makes the assumption that the only sources of sulfur in the bulk
sediment are CRS and organic sulfur or barite. By manipulating equation 3 shown below the δ34S
value of the non-chromium reducible sulfur present in the bulk sediment can be approximated.
3 𝐵𝑢𝑙𝑘 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑆‰ = 𝐶𝑅𝑆 𝑆‰

345 5 67%
95 67%

+ 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑆 𝑜𝑟 𝐵𝑎𝑟𝑖𝑡𝑒 𝑆‰ (1 −

345 5 67%
95 67%

)

Figure 10 shows the organic sulfur or barite δ34S value, calculated using equation 3, for every
sample where the CRS and bulk sediment δ34S values were known. The fraction of the TS that is
organic bound sulfur or barite is varied between 0 and 1. In order for the sulfur isotopic
composition of the bulk sediment to be explained for samples where the bulk sulfur had a heavier
sulfur isotopic composition than the CRS, the organic sulfur must be more enriched in 34S. As
the proportion of organic sulfur is reduced the heavier the δ34S value of the organic sulfur
becomes, leading to values as a high as +654.7‰ (Figure 10). Conversely, for the samples where
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the CRS had a heavier sulfur isotopic composition than the bulk sediment, the organic bound
sulfur must have a lighter sulfur isotopic composition. As the proportion of organic sulfur is
reduced it must become isotopically lighter and lighter, leading to δ34S values as low as
-460.5‰ (Figure 10). While these extremely heavy or light δ34S values are likely unrealistic, for
many samples if organic sulfur makes up at least 25% of the total sulfur in the sediment then the
calculated δ34S value of the organic bound sulfur falls within a range of -25 to +25‰. This range,
shown in Figure 10 by the gray bar, spans the values for sedimentary organic sulfur (-23.1‰ to
+21.7‰) reported by Anderson and Pratt (1995).

Figure 10: The calculated
δ34S value of the
sedimentary organic sulfur
is shown based on the δ34S
value of the CRS, the bulk
sediment, and varying the
proportion of
organic S/TS between 0
and 1 with CRS making
up the remainder. Each
line shows the mixing
hyperbola for every
sample where both CRS
and bulk sediment δ34S
values were available. The
gray bar highlights δ34S
values between -25‰ and
+25‰ which
approximates the range in
the sulfur isotopic
composition of
sedimentary organic sulfur
reported by Anderson and
Pratt (1995).
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The presence of only two main forms of sulfur in the sediment, CRS and organic bound sulfur, is
more likely below the modern SMTZ where the presence of barite is unlikely. However, for
samples above the modern SMTZ where barite may be present it is quite possible that CRS,
barite, and organic sulfur are all found within the sediment and a more sophisticated three
component model may be appropriate. Figure 11 shows the mixing hyperbolas for the three
samples, two from 1244C and one from 1247B, where the presence of barite is suspected. The
bulk sediment sulfur isotope composition of these samples is much heavier than the
corresponding CRS. Therefore, the barite must have a heavy sulfur isotopic composition and if
the samples are at least 15-20% barite then the calculated δ34S values fall below ~80‰ VCDT,
the maximum δ34S value for marine barites measured by Torres et al. (1996). This simple model
shows that the presence of organic bound sulfur and barites in the sediment can reasonably
explain the differences in the δ34S values of the bulk sediment and CRS observed in this study.
Figure 11: The calculated δ34S value of
the sedimentary barite is shown based on
the δ34S value of the CRS, the bulk
sediment, and varying the proportion of
barite S/TS between 0 and 1 with CRS
making up the remainder. Each line
shows the mixing hyperbola for the three
samples where the presence of barite is
inferred. The gray bar highlights δ34S
values between ~+45‰ and +80‰ which
approximates the range in the sulfur
isotopic composition of sedimentary
barite discussed by Torres et al. (1996).
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5.4 TOC vs. TS
The relationship of the weight percent of total organic carbon and total sulfur plot in a
cluster close to the average ratio of TOC:TS of normal marine sediment (Figure 12). Typical
marine sediment has a TOC:TS ratio of 2.8:1(Berner and Raiswel, 1983). The average TOC:TS
ratio across all three Sites (1252A, 1247B, and 1244C) was 2.9:1. The points that stand out from
the rest of the data cluster are all found at the greatest peaks in total sulfur weight percent at each
site (Figure 12). At Site 1252A that peak occurs at 2.85 mbsf, which also corresponds to the
largest peaks in both the CRS and bulk sediment δ34S values, which could indicate a paleoSMTZ. At Site 1244C the two points that define the largest peak in total sulfur weight percent
are at 6.15 and 6.9 mbsf which are the same depths as the greatest peak in the δ34S value of the
bulk sediment. These points are also found above the modern SMTZ and therefore barite in the
sediment could be responsible for the extra sulfur that separates these points from the rest of the
data in Figure 10. At Site 1247B the greatest peak in total sulfur weight percent occurs at 11
mbsf, right at the modern SMTZ where focused pyritization increases the TS content of the
sediment. While the elevated TS weight percent found at these intervals is connected to AOM,
the potential presence of barite in marine sediments must be considered when assessing TOC:TS
ratios as an indicator of AOM.
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Figure 12: The total organic carbon weight percent (TOC wt%) of bulk sediment
samples from Sites 1252A (green squares), 1247B (purple triangles), and 1244C
(blue circles) are plotted against the total sulfur weight percent (TS wt%) from the
same sample. The dotted line shows the ratio of TOC:TS of normal marine
sediment, 2.8:1.
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5.5 Discerning Paleo-SMTZs
The peaks in the δ34S value of both the CRS and bulk sediment at each site indicate the
locations of past and present SMTZ’s preserved in the sediment. At Site 1252A there is no
enrichment in the sulfur isotopic composition of the CRS of bulk sediment at the modern SMTZ
but a notable peak exists at 2.85 mbsf, a few meters above the modern SMTZ. If only the bulk
sediment sulfur isotopes were available this peak would likely be attributed to the possible
presence of barite in the sediment. However, because the CRS shows the same peak, with a value
only slightly less than the bulk sediment, this suggests that this peak could be a paleo-SMTZ
position. This suggests that a change occurred that forced the SMTZ to move down slightly in
the sediment column. This could be due to a change in sedimentation rate, perhaps due to a small
slump or slide entrenching seawater and increasing sulfate delivery to the sediment. Another
possibility is a decrease in the flux of methane toward the seafloor, perhaps due to a fault or
fracture sealing up and preventing methane from advecting as efficiently at this location. The
reason that the modern SMTZ is not discernable in the sediment, as it is at Sites 1247B and
1244C, could be simply because the SMTZ has not existed at that depth long enough to
accumulate isotopically heavy sulfides. The build-up of 34S enriched H2S and the reaction of that
H2S with sedimentary iron and the subsequent precipitate of isotopically heavy iron sulfides
takes time and is only preserved is the SMTZ is stalled long enough in one location for a
significant concentration of heavy sulfides to accumulate in the sediment.
At Site 1247B the modern SMTZ is clearly preserved as a well-defined peak in the sulfur
isotopic composition of the CRS. The bulk sediment also shows an increase at the modern
SMTZ, but the relative shift is muted by the extreme peak at 9.5 mbsf. Without the CRS data,
this peak might have been picked out as the modern SMTZ, which is why knowing the depth of
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the modern SMTZ from porewater data is critical. Since the major peak in the δ34S value of the
bulk sediment is just above the modern SMTZ, this enrichment in 34S could be due to the
presence of barite in the sediment. If there is an increase in barite concentration in the sediment
at this depth then the SMTZ has not been any higher up in the sediment column. If the SMTZ
had moved up past 9.5 mbsf then the barite that had been concentrated in the sediment would be
exposed to the sulfate reduction zone and would eventually re-dissolve and a new barite front
cold develop above the new SMTZ position.
Site 1244C has the most paleo-SMTZs of all three sites, which are shown as peaks in the
δ34S value of both CRS and bulk sediment. Again, the peaks in the CRS δ34S values are much
more distinct and the greatest peak in the bulk sediment δ34S values at 6.9 mbsf, which could be
due to the presence of barite in the sediment, somewhat mutes the smaller peaks below it which
correspond with paleo-SMTZs in the CRS data. Much like Site 1247B knowing the depth of the
modern SMTZ from the porewater data is critical when interpreting the bulk sediment sulfur
isotopic composition, which informs us that the large peak at 6.9 mbsf could be due to barites in
the sediment, as this peak exists above the modern SMTZ. Knowing this, approximately the
same zones of 34S enriched sulfur could be recognized in both the bulk sediment and CRS data.
Site 1244C has more peaks in the sulfur isotopic composition of the CRS and bulk sediment than
the other two sites. This suggests that the SMTZ was perhaps more dynamic, moving up and/or
down in the sediment column. This could be due to changes in the delivery of sulfate to the
porewater, which can be caused by changes in sedimentation rate. Submarine landslides or
smaller slumps or slides can entrain a great deal of seawater and possibly push the SMTZ farther
down into the seafloor (Hansen et al., 2003; Hong et al., 2014). The opening and closing of faults
and fractures within the seafloor can alter the delivery of methane to the SMTZ as methane
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advects along these zones of greater permeability. If a fault acting as a pathway for methane to
the SMTZ becomes mineralized and methane can no longer travel along this path then the SMTZ
might drop lower in the sediment column due to a decrease in methane availability. As the
accretionary wedge deforms new faults or folds may develop or the stress on old faults may
change such that methane is able to travel along these zones of greater permeability and the
SMTZ may then move closer to the seafloor in response to greater methane availability.

5.6 CRS vs. Bulk Sediment
When the δ34S values of the bulk sediment are plotted against the δ34S values of the CRS
from matching intervals, a relatively strong linear relationship becomes apparent (Figure 13).
The trend-line that fits this data has an r2 of 0.75 and the equation shown below.
y1= 1.1963x - 2.64
CRS δ34S‰ VCDT = 1.1963 (bulk sediment δ34S‰ VCDT) - 2.64
Theoretically, this equation could be used to estimate the sulfur isotopic composition of the CRS
in a sample using the δ34S value of the bulk sediment, which could eliminate the need for the
chromium reduction process. Unfortunately, the relationship between the sulfur isotope
composition of the bulk sediment and CRS is not simple. While the bulk sediment δ34S values in
many sections of Site 1244C and 1247B and all of 1252A are heavier than the CRS, there are
interval at Sites 1244C and 1247B where the CRS is isotopically heavier than the bulk sediment.
The equation for the line that fits the cross-plot of the CRS and bulk sediment δ34S values shifts
the δ34S value of the bulk sediment to a lighter value for almost all of the values in this dataset.
At Site 1247B at 9.5 mbsf the bulk sediment has a δ34S value of +16. 56‰ VCDT and the
estimate of the CRS δ34S value produced by this equation is slightly heavier, +17.17‰ VCDT. In
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the sections where the bulk sediment is heavier than the CRS this equation produces a δ34S value
that is closer to the CRS δ34S value than the bulk sediment. However, in the sections where the
CRS has a greater δ34S value than the bulk sediment this equation produces an estimated δ34S
value that is farther from the measured δ34S value of the CRS than the bulk sediment δ34S values.
By excluding the points where the CRS is heavier than the bulk sediment the linear
relationship between the points where the bulk sediment has a heavier isotopic composition than
the CRS becomes stronger, with an r2 of 0.83 and the equation shown below (Figure 14).
y2=0.9567x - 9.0099
CRS δ34S‰ VCDT=0.9567x (bulk sediment δ34S‰ VCDT) - 9.0099
This equation produces a closer estimate of the δ34S value of the CRS than y1 for the intervals
where the bulk sediment is heavier than the CRS.
Adding more data to Figure 13 from methane rich continental margin sediments from
locations other than Hydrate Ridge could help to refine this relationship. Further research into
the relationship between the sulfur isotope composition of bulk marine sediment and sedimentary
iron sulfides could help explain the processes that would lead to the sections of these cores where
the CRS is isotopically heavier than the bulk sediment. Understanding why this occurs could
help to further develop a model that would allow for the estimation of the sulfur isotopic
composition of sedimentary iron sulfides based on the δ34S value of the bulk sediment,
potentially eliminating the need for the labor-intensive chromium reduction process.
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Figure 13: The δ34S values (‰
VCDT) of the CRS and bulk
sediment of each interval from
Sites 1252A, 1247B, and 1244C
are plotted against each other.
The trend-line shown has an r2 of
0.74984 and the equation
y = 1.1963x - 2.64.

Figure 14: The δ34S values (‰ VCDT) of
the CRS and bulk sediment of each interval
from Sites 1252A, 1247B, and 1244C are
plotted against each other. The blue circles
show the points where the bulk sediment
has a higher δ34S value than the CRS and
the red circles show the points where the
CRS has a heavier sulfur isotope
composition than the bulk sediment. The
trend-line shown in blue fits only the points
where the bulk sediment has a higher δ34S
value than the CRS. The line has an r2 of
0.83258 and the equation
y = 0.9567x - 9.0099.
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5.7 Conclusions
The δ34S values of the CRS measured in 2004-2005 by Walter Borowski and the
measurements of the same samples made in 2017 during this study show excellent agreement,
indicating that storage of these samples for over 12 years has not altered their sulfur isotopic
composition. At all three sites examined in this study (1252A, 1247B, and 1244C) the bulk
sediment δ34S values generally followed the same trend as the CRS, suggesting the bulk
sediment signal is controlled predominantly by the CRS signal in most cases. The bulk sediment
was typically more enriched in 34S than the CRS for most samples, likely due to the presence of a
small amount of 34S enriched organic bound sulfur and/or barites that have heavier δ34S values.
The bulk sediment was isotopically lighter than the CRS at some intervals coincident with
modern and paleo-SMTZs. In these zones, the iron sulfide fraction of the sedimentary sulfur is
likely more enriched in 34S than organic bound sulfur and/or barites. A simple two end member
mix model shows that plausible values for both barites and organic sulfur mixed with the known
CRS δ34S values can explain the observed bulk sediment sulfur isotopic signatures. Positive
peaks seen in the CRS δ34S value, which occur at depths of the modern SMTZ and may indicate
paleo-SMTZ positions, were less defined in the bulk sediment δ34S values. However, the bulk
sediment did show peaks at these intervals and could potentially be used to determine locations
of paleo-SMTZs.
The low TOC:TS ratio seen at or just above the modern SMTZs at all three sites could
also be used as an indicator of focused AOM in sediments in the past. The putative linear
relationship between the δ34S values of the bulk sediment and CRS poses an interesting
opportunity to use the δ34S value of the bulk sediment to estimate the sulfur isotope composition
of the iron sulfide fraction of the sediment. Further investigation into this relationship, including
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looking at other locations, could reveal a way to successfully model the sulfur isotope
composition of the iron sulfide fraction of the sediment based on the δ34S values of the bulk
sediment, making the detection of paleo SMTZs and the presence of AOM in marine sediments
in the past much easier.
The results of this study show that measurements of bulk sediment sulfur isotopes can be
helpful in determining paleo-positions of the sulfate methane transition zone. Measuring both the
bulk sediment and CRS sulfur isotopes, as well as a proxy for barium concentration such as XRF
Ba, would provide the clearest picture of sulfur diagenesis within marine sediments. The
occurrence of the intervals where the CRS has a heavier sulfur isotopic composition at modern
and paleo-SMTZs is very promising. This could be a more objective method to identify paleoSMTZs, instead of looking for relative enrichments in the CRS δ34S values alone. Measuring
both CRS and bulk sediment sulfur isotopes at other methane-rich sub-seafloor environments to
see if this pattern holds is the critical next step for the development of this new proxy.
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Appendix 1: CRS and Bulk Sediment Sulfur Isotopes, Total Sulfur and Total Organic Carbon
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Appendix 1: Sulfur isotope data for the 2004-2005 CRS, 2017 CRS, and bulk sediment are shown as well as the weight percent of
total sulfur and total organic carbon. If data was not available then a dash is shown and underlined data indicate that number is the
average of duplicate measurements. The TOC standard code refers to appendix 5 which lists the standards measured during the
TOC analysis to determine accuracy. The letters indicate which standards were measured both before and after the run containing
each TOC sample.
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Appendix 2: Duplicate sulfur isotope measurements of the 2004-2005 CRS are shown along with the mean and uncertainty. The
uncertainty value was calculated by multiplying the standard error (s/Ön) by 1.96. This value was added to and subtracted from
the mean to create a 95% confidence interval.

Appendix 2: Duplicates CRS 2004-2005 Sulfur Isotopes
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Appendix 3A: Duplicates for the 2017 CRS and bulk sediment sulfur isotope measurements are shown along with the mean and
uncertainty. The uncertainty value was calculated by multiplying the standard error (s/Ön) by 1.96. This value was added to and
subtracted from the mean to create a 95% confidence interval.

Appendix 3A: Duplicates 2017 CRS and Bulk Sediment Sulfur Isotopes

Appendix 3B: Duplicates Total Sulfur

Appendix 3B: Duplicates for the total sulfur measurements are shown along with the
mean and uncertainty. The uncertainty value was calculated by multiplying the standard
error (s/Ön) by 1.96. This value was added to and subtracted from the mean to create a
95% confidence interval.
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Appendix 4: Duplicates TOC

Appendix 4: Duplicates for the total organic carbon measurements are shown along with
the mean and uncertainty. The uncertainty value was calculated by multiplying the
standard error (s/Ön) by 1.96. This value was added to and subtracted from the mean to
create a 95% confidence interval.
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Appendix 5: TOC Standards

Appendix 5: The standard measurements made during the total organic carbon analysis
are listed along with their reference value and uncertainty. The uncertainty value was
calculated by multiplying the standard error (s/Ön) by 1.96. The TOC standard code is
used in Appendix 1 to show which standard measurement was made before and after
the run containing each sample.
NIST Standard Reference Material 2709 San Juan Soil
Organic Analytical Standard (OAS) prepared by Elemental Microanalysis
B2180 Soil Standard Sandy
B2182 Soil Standard Silty
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Appendix 6A: 2017 Sulfur Isotope Standards

Appendix 6A: Internal quality control run by
Berkeley Center for Stable Isotope Biogeochemistry.
Index numbers indicate where in the run each
standard was measured and the reference values for
each standard are at the top of each column.
Applies to samples 1244C: 1H-1 65-74, 1H-1 140150, 1H-3 140-150, 2H-2 140-150, 2H-3 65-75, 2H4 65-75, 2H-5 65-75, 2H-5 140-150.
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Appendix 6B: 2017 Sulfur Isotope Standards

Appendix 6B: Internal quality control run by
Berkeley Center for Stable Isotope Biogeochemistry.
Index numbers indicate where in the run each
standard was measured and the reference values for
each standard are at the top of each column.
Applies to Site 1244C samples not listed in appendix
6A.
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Appendix 6C: 2017 Sulfur Isotope Standards

Appendix 6C: Internal quality control run by
Berkeley Center for Stable Isotope Biogeochemistry.
Index numbers indicate where in the run each
standard was measured and the reference values for
each standard are at the top of each column. Applies
to samples from Sites 1247B and 1252A.
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Appendix 6C: 2017 Sulfur Isotope Standards

Appendix 6D: Internal quality control run by
Berkeley Center for Stable Isotope Biogeochemistry.
Index numbers indicate where in the run each
standard was measured and the reference values for
each standard are at the top of each column. Applies
to samples from Sites 1247B and 1252A. Applies to
duplicate samples for Sites 1247B and 1252A.
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